To study human cone phototransduction, the a-wave of the ERG was recorded from color normals, dichromats, and patients with retinitis pigmentosa. A model of the activation phase of phototransduetion, previously fitted to responses from single rods and the rod a-wave, was modified and fitted to the human cone a-wave. The modified model fits the cone a-wave well and allows questions about human cone phototransduction to be addressed. In particular, we conclude that: (1) 
INTRODUCTION
Recent evidence suggests that human cone receptor activity can be quantitatively assessed by measuring the cone a-wave of the ERG. Hood and Birch (1993a) demonstrated that the first 10-15 msec of the human cone a-wave changes in amplitude with flash energy in ways that are generally consistent with responses from single cones (e.g. Baylor, Hodgkin & Lamb, 1974; Schnapf, et al., 1990) . However, unlike the case of the rod a-wave, the model fitted to the cone a-wave is of a different form than the model thought to describe the activation phase of cone phototransduction. If the model of transduction could be fitted to the cone a-wave, then the parameters of human cone phototransduction can be estimated and a variety of questions about normal and abnormal cone phototransduciton can be addressed. Here we reconcile the differences between the model of transduction and the model of the cone a-wave and attempt to answer some questions about human cone activity.
In the case of the rod a-wave, the model of transduction and the model of the a-wave are of the same form. In particular, the model that fits the rod a-wave is of the same form as models fitted to responses from single rods (Hood & Birch, 1990a,b) and of the same form as a recent model (Lamb & Pugh, 1992) derived from the steps of phototransduction (Hood & Birch, 1993b Breton, et al., 1994; Cideciyan & Jacobson, 1993) . On the other hand, the leading edge of the cone a-wave has a different shape than the rod a-wave. A model based upon a Michaelis-Menten equation, rather than on a saturating exponential as in the rod model, provides a better fit (Hood & Birch, 1993a) . The problem is that, unlike the rod model, this cone model is not readily related to the stages of transduction. The difference between the behavior of the rod and cone a-wave is unlikely to be due to contributions of post-synaptic potentials. The cone receptor component of the monkey ERG, chemically isolated by Bush and Sieving (1994) , has similar properties. The difference in morphology between the cone and rod outer segments is the most likely source of the difference in waveforms.
The cone disks make contact with the extracellular space, while the rod disks do not. Thus, the cone has a greater surface of outer segment membrane in contact with extracellular space. Pugh and Lamb (1993) predicted that their model of phototransduction would not describe the responses of the cones unless they were obtained under voltage-clamping conditions or the capacitance of the extensive cone membrane was taken into consideration. Hood and Birch (1993a) suggested that the responses of a model that includes the same transduction stages as in the rod model, followed by low-pass filtering to mimic the capacitance effect of the extensive cone membrane, resemble the responses of the model fitted to the cone a-wave and based upon the Michaelis-Menten.
Here this line is pursued by formalizing a model that is based upon the Lamb and Pugh model of phototransduction and is capable of fitting both rod and cone a-waves. To isolate the responses from a single class of cones, cone a-waves in response to red flashes were obtained from 2802 DONALD C. HOOD and DAVID (i. BIR('II deuteranopes. The model's fit to the L cone generated a-waves from deuteranopes was compared to the fit to the a-waves of color normals. Three protanopes, presumably without L cones, served as controls. In addition, the model was fitted to a-waves from patients with retinitis pigmentosa (RP) to assess the feasibility of studying cone transduction in patients with photoreceptor degeneration. Questions concerning the amplification of cone phototransduction, the adaptation of the cone receptor, the relative number of L and M cones, and the effects of RP will be addressed in the Discussion. A preliminary version of these findings was reported at the 1994 meeting of ARVO.
METHODS

Subjects
The subjects in this study included six color normals (mean age = 43.4 yr; range = 4(>51 yr), six dichromats (mean age = 40.2 yr; range = 27-48 yr), and three protanopes (19, 36 and 40 yr) . The classification of dichromats was based upon a Raleigh match (2 deg test, 57 td), the Ishihara plates, and the Lanthony New Color Test (box 8). To look for evidence of anomalous photopigments, an 8 deg Rayleigh match (800 td) and an incremental spectral sensitivity function [4.8 deg test on 3.7 log td "white" (4000 K) field] were obtained; and, to assure of normal blue-green color vision and contrast sensitivity, the SPPII test and Regan Contrast Letter Charts were used.
In addition, five patients with RP were selected from the files of the Retina Foundation of the Southwest. All patients had been diagnosed by ophthalmologists specializing in retinal disease and had been identified as having the autosomal dominant form of RP. Three patients, each from a different family, had a rhodopsin mutation identified as pro23his. These patients had detectable rod signals, although the rods were more affected than the cones. Two other patients, brothers with a rhodopsin mutation identified as leu46arg, had no detectable rod ERG.
The tenets of the Declaration of Helsinki were followed and all subjects gave written informed consent after a full explanation of the procedures was given.
Recording techniques
The methods used for obtaining full-field ERGs were relatively standard (Birch & Fish, 1987) . One eye was dilated (1% cyclopentolate hydrochloride and 2.5% phenylephrine hydrochloride) and dark adapted. Responses were obtained from the anesthetized cornea with a bipolar contact lens electrode with matched gold electrodes (Doran Instruments, Inc., Littleton, Mass.). Signals were amplified (factor of 10,000; 3 dB down at 2 and 10,000 Hz) and averaged as described below.
Stimulation
All stimuli were presented in a Ganzfeld system with a light source consisting of a power source (Novatron Inc., Dallas, Tex.) that drives a circular xenon gas flash tube within a flash head (Novatron series 2150). When set to 800 W/sec, this unit produces flashes in which 91)'~,, of the energy is within 1.3 reset. Three spectral flashes were used in this study: "'white" flashes (spectrally unfiltered): short wavelength ("blue") flashes (Wratten 47B: 2 ...... = 449 nm, half-bandwidth = 47 nm); and long wavelength ("red"l flashes (Wratten 26).
We determined retinal illuminance by measuring the luminance of the Ganzfeld bowl and the diameter of the dilated pupil for each subject. These values, in log photopic trolands, are given below. [Because of the Stiles Crawford effect, a photopic troland measured with the fully dilated 8 mm pupil is about 0.2 log unit less effective in terms of quantal absorption than a photopic troland and a 2 mm pupil (Wyszecki & Stiles, 1967) ].
Basic protocol. Subjects were adapted to the 2.9 log td field. Following adaptation, responses were obtained to the red flashes from 2.2 or 2.5 to 4.3 log td-s in approx. 0.3 log unit steps. For each flash energy, three sets of six responses were averaged. In general, these averaged responses were then averaged off-line. If one of these deviated markedly from the other two, as was the case in less than 2% of the responses, it was omitted. Following presentation of the red flashes, blue flashes at two flash energies were presented to assess the isolation of the cones. The same averaging procedure was used. Following the data collection for the 2.9 log td field, the field was increased in intensity to 3.9 log td and the procedure repeated.
Cone a-waves from the three patients with pro23his were recorded at the 2.9 log td field intensity. The two patients with the leu46arg mutation had no detectable rod ERGs even to blue flashes and thus could be tested in the dark.
Cone isolation. Consistent with previous work (Hood & Birch, 1993b) , there was no sign of rod involvement at the 3.9 log td field; and for the 2.9 log td field, the rods made minor contributions to the response amplitude for the highest two red flashes (4.0 and 4.3 log td-s) and essentially no contribution for the 3.7 log td flash. Although these small rod contributions had very minor effects on the fit of the model, the responses to the top two flash intensities at the 2.9 log td field were not included in the fitting.
RESULTS AND ANALYSIS
The rod model and the a-wave
The rod a-wave can be fitted with the tbllowing equation:
for t > td (1) where the amplitude P3, named after Granit's receptoral component, is a function of flash energy i and time t after flash onset. S is a sensitivity parameter that scales flash energy i; Rmp3 is the maximum amplitude; and td is a brief delay (Hood & Birch, 1993b Cideciyan & Jacobson, 1993; Breton et al., 1994) . The records in Fig. 1 (a) are dark-adapted rod ERGs. The dashed curves show the model's responses obtained by estimating three parameters: log S (td-s) -lsec-2; Rmp3 (pV); td (msec). The methods used are described in Hood and Birch (1994) and the values of the parameters of best fit are in the figure caption. As previously shown, eq. 1 provides a good description of the rod a-wave.
Equation 1 is based upon Lamb and Pugh's model of the activation phase of rod transduction (Lamb & Pugh, 1992; Pugh & Lamb, 1993) . The photocurrent of a rod following a brief flash that isomerizes ~b rhodopsin molecules is:
for t > te~ (2) where A (the amplification constant in isomerizations-~sec -2) is the product of amplification factors representing the steps in transduction; rmax is the saturating photocurrent; and to~ is a delay approximating a number of extremely brief stages. If we assume that, to a first approximation, all rods have the same value of A, then the amplification factor for the human rods is given by 2S/k where k converts scot td-s to isomerizations per rod. For the records in Fig. l(a) , A = 3.2 based upon a value of k of 8.6 isomerizations/rod (Breton et al., 1994) .
For a group of 15 normal subjects, the average value was 4.0/sec 2 (Hood & Birch, 1994) .
The rod model and eq. 1 do not provide a good fit to the cone a-waves. The solid curves in Fig. 1 (b) are the cone a-waves from the same normal subject. These are average responses to the red flash presented upon the 3.9 log td field (see Methods). The dashed curves are the fit ofeq. 1. The dashed curves are shown out to 15 msec; however, the data were fitted over the first 10.8 msec as described below for the general model.
The model is too steep to provide a good fit to the responses to the higher flash energies. The fit is better at the lower flash energies where the responses and the model are essentially linear, although even here there are consistent deviations.
A general model
The Lamb and Pugh model (eq. 2) is a model of rod photocurrent. The a-wave is a measure of the voltage attributable to the current flow across the outer segment membrane and extracellular resistance. If the capacitance effects of the outer segment membrane are minor as is assumed to be the case for the rod (Pugh & Lamb, 1993) , then eq. 1 should describe the response. However, we are assuming that the capacitance of the extensive cone outer segment membrane modifies the cone a-wave. The general model of the a-wave has a low-pass, exponential filter following the transduction phase. This filter has a single parameter, its time constant z. The value of v is assumed to be larger for the cones than for the rods, such that eq. 1 approximates the rod responses.
Details of thefitting procedure. To fit the cone model, four parameters [S; Rmp3; td; ~] must be estimated. Because three of these parameters [S; td; ~] trade to give approximately equivalent fits over a range of values, the following strategy was used. For each of the six color-normal subjects, the cone a-waves were fitted by obtaining best-fitting values of S and Rme3, for different combinations of ~ and td. Values for td of 1.7 msec and of 1.8 msec gave the best fits.
The leading edge of the cone a-waves of all subjects was then fitted by setting td = 1.7 msec and • = 1.8 msec and estimating the values of Sand Rme3 for best fit. In Figs 3-6, the model was fitted to the first 10.8 msec of the records shown in bold, but the theoretical curves are shown for all *Effectively, this meant that the responses to 2.8 3.7 log td-s flashes were fitted for the color-normal and deuteranopes. For the patients, who were 0.3-0.6 log unit less sensitive, this meant including the responses to the 4.0 or 4.3 log phot td-s flashes in the fitting procedure. For the protanopes who were about 0.8 log unit less sensitive to the red flash, the data for the top five flash intensities had to be fitted. For the protanopes, this means that the fit included responses to the top two flash intensities against the 2.9 log td field which may have had small rod contributions.
flash energies and for slightly longer times. There were two advantages to restricting the range of flash intensities fitted in normals and deuteranopes. First, it allowed the range of flash energies to be adjusted to compensate for the lower sensitivity to the red flashes in protanopes and patients and thus kept the range of effective flash energies (i.e. i × S) more nearly constant for all subjects; and second, it eliminated the presence of any rod intrusion in some of these subjects as the only records showing a rod contribution in some subjects were the responses to the top two flash energies at the 2.9 log td field.*
Fits to the cone a-wave in color normals and dichromats
Figures 2 and 3 show the fit to the a-waves for a normal observer (a), a deuteranope (b), and a protanope (c) for the 3.9 (Fig. 2 ) and 2.9 (Fig. 3) log td adapting fields. In each panel the bold responses show the responses that were actually used in obtaining the fit. For all subjects, the model does a reasonable job of describing the leading edge of the a-wave including the responses that were not used in the fitting procedure. Table 1 shows the mean and SDs for the parameters of best fit. The most important comparison is between the values of the deuteranopes and the color normals. Notice that the deuteranopes' values of log S are slightly larger, with a difference of 0.11 and 0.16 log unit for the two adapting fields. These values should be close if, as expected, the L cones dominate the response to the red flash in color normals and are the only receptor type controlling the response in the deuteranopes. The protanopes were included in this study largely as a control. Based on the calculated difference in effectiveness of the red flash for L and M cones, the value of S for a protanope should be about 0.85 log unit less than the value for a deuteranope.* In fact, the difference is about 0.80 log unit (see Table 1 ). Increasing the adapting field intensity from 2.9 to 3.9 log td had a relatively minor effect on the leading edge of the a-wave. As expected from earlier work (Hood & Birch, 1993a) , it decreased log S by 0.1-0.2 log unit and decreased log RmP3 by < 0.1 log unit. Figure 4 shows the fit to the a-waves from two patients with RP. The model was fitted using the normal values of t~ and z. For the patient with the pro23his mutation [ Fig. 4(a) ], the best-fitting values of log RmP3 (1.30) and log S (1.30) fell well below the normal range. The patient had a significantly smaller RmP3 as expected since the disease process leads to a loss of receptors, but interestingly the value of S was also significantly smaller. Similar findings were obtained for the other two patients with this mutation (see Table 2 ).
Fits to the cone a-waves from patients
The a-waves in Fig. 4(b) are from a patient with the leu46arg mutation. As described above, cone a-waves could be recorded from the dark-adapted eye in this patient as there was sign of a rod ERG. The values of log S were over 0.5 log unit below normal. This patient's brother, the other leu46arg patient, had an even lower value of log S. Table 2 contains the values of the best-fitting parameters.
Despite obvious differences in the cone ERGs, the cone model fits the patients' a-waves at least as well as it fits the a-waves of the color normals and dichromats. Figure 4(c) shows the results from a normal observer for comparison. All records in all panels are on the same time and amplitude scales. The model fits the patients' a-waves to longer times *To estimate the relative effectiveness of the red flash in stimulating L vs M cones, the spectral distribution of energy of the red light was 2.9 log td measured at the cornea using a radiometer. This distribution was log S multiplied point by point with the relative absorption spectra of the log Rmp3 L and M cones, using the Smith and Pokorny (1975) fundamentals.
log td
The ratio of the areas under the resulting curves gives the relative log S effectiveness of the red light for the L and M cones. The red flash log Rmp3 is 0.85 log unit more effective for the L cones. , and a color normal (c). The protocol for the patient with the pro23his mutation (a) was the same as for the subjects in Fig. 3 ; red flashes were presented upon a "white" field of 2.9 log td. For the patient with leu46arg (b), white flashes were presented to the dark-adapted eye. For the normal subject (c) red flashes were presented upon a 3.3 log td field. This field eliminates the rod response even when the most intense red flash is used while affecting the cone a-wave relatively little or at least less than the 3.9 log td field. They are presented here to illustrate the difference in the waveforms between the patients and the normal subjects. All records are displayed on the same scale shown as the vertical line in the lower right-hand corner of Fig. 2(a) . after the flash. This is particularly obvious in the case of the most intense flashes where the model fits to almost 20 msec. Compare this to the normal records in Fig. 4(c) where the model deviates after 11 msec. The superior fit at longer times suggests that RP is affecting the cone-driven responses of the inner nuclear layer (see Discussion).
A simpler expression
Fitting the general model requires convolving eq. 1 with the equation for an exponential filter. Our earlier work (Hood & Birch, 1993a) suggests that a simpler expression can be used. In particular, we previously fitted a model that had a four-stage exponential filter with a delay followed by a static nonlinearity (a Michaelis-Menten function). For short times after the flash, this model can be approximated by the following expression:
where the terms have similar meaning to the terms in eq. 1. Sc is a sensitivity parameter that scales flash energy i and has the units td-s ~sec 3; Rmp3 is the maximum amplitude; and td is a brief delay. Fig. 2(a) . The parameters for the fit of the general model (dashed curve) can be found in the legends to Fig. 2 and Fig. 4 , and the parameters of best fit [log S (td-s) ~s 2; RmP3 (#V)] for eq. 3 were [3.61; -40.5], [3.70; -32.8], and [3.22; -36.9 ] for color normal, deuteranope and the patient with adRP (leu46arg).
The best-fitting value of td was determined for each of the six color-normal observers. Then, td was set to 1.6 msec, the mean of these values, and eq. 3 was fitted to all the a-waves by estimating Sc and Rmp3. The smooth solid curves in Fig. 5 show the fit ofeq. 3 with ta = 1.6 msec to the a-waves from a normal (from Fig. 2 ), a deuteranope (from Fig. 2 ) and a patient (from Fig. 4) . The fit is indistinguishable from the fit of the general model shown as the dashed curve. The values of Rmp3 were essentially identical and the relative values of log Sc were the same as the relative values of log S, although the absolute values were on average 2.06 log units larger. From a practical standpoint, eq. 3 can be used for many purposes.
DISCUSSION
The same model of phototransduction can be fitted to both the rod and cone a-waves. This model is the Lamb and Pugh model of the activation stage of phototransduction followed by a low-pass filter to mimic the effects of the membrane of the outer segment, as suggested by Pugh and Lamb (1993) . Technically, the outer membrane of both the rod and cone acts like a RC filter which has a considerably longer time constant in the case of the cone. In fact, the rod a-wave can be fitted by the general model if the time constant T is <0.5msec while a value of 1.8 msec provided a reasonable fit to the cone a-wave. As the value of ~ is increased from 0 to 2 msec or so, the leading edge of the predicted a-wave changes from a form described by a saturating exponential [eq. 1] to one described by the Michaelis-Menten [eq. 3]. This explains why eq. 3 fits cone a-waves (Hood & Birch, 1993a; Bush & Sieving, 1995; Hood, Jacobson, Cideciyan & Romano, 1995) , but the rod a-wave is fitted better by a saturating exponential (e.g. Hood & Birch, 1990a,b) . Our findings are also consistent with recordings from single primate cones. To fit the voltage records from intracellular recordings from primate cones, Schneeweis and Schnapf (1995) required the Michaeli~Menten equation while responses recorded under voltage clamping were fitted with something closer to the saturating exponential (Schnapf et al., 1990) .
The success of the model suggests that the data presented here can be used to address some fundamental questions about transduction in normal cones.
Amplification of cone phototransduction
With some assumptions, the amplification constant of transduction in human cones can be estimated from the parameter S and compared to the value for human rods. First, we assume that the L cones determine the value of log S. This is clearly a safe assumption for the deuteranopes. Further, we assume that the cones contributing to the cone a-wave have similar values of the amplification constant. Schnapf et al. (1990) found no difference in cone sensitivity with eccentricity for the population they sampled. [If there are differences among cones, our estimate of the amplification constant will be within a few tenths of a log unit of the most sensitive ratio L to M-cones FIGURE 6. The smooth curve is the log S values of a simulated retina with different L:M cone ratios. The data point is the difference between the log S values of the normals and the deuteranopes from Table 1 . The range of ratios consistent with these value is shown as the vertical dashed curves which represent 2 SEM. See text for details.
cones, if they represent 20% or more of the populations (Hood et al., 1993) .] With these assumptions, the value of the amplification constant A can be estimated from eq. 1 and eq. 2. In particular,
A = 2S/k
where k converts from td-s to isomerizations/cone. Assuming that tbr k, 1 td-s = 12.6 isomerizations/Lcone,* log A .... = 1.07 -t-0.09 for the deuteranopes. Our estimate (Hood & Birch, 1994 ) of log Arod is 0.6 -I-0.2, and other estimates from rod a-waves and recordings from single mammalian rods range from 0.1 to 1.0 (Lamb & Pugh, 1992; Hood & Birch, 1993b; Breton et al., 1994; Cideciyan & Jacobson, 1993; Kraft, Schneeweis & Schnapf, 1993) . Thus, it appears that the activation phase of phototransduction in the human cone is as sensitive as it is in the rod, as proposed by Pugh and Lamb (1993) .
*We assume: that l td-s = 12.6 isomerizations/L-cone. To convert from trolands to isomerization/cone/sec requires a number of assumptions. Accepting the Schnapf et al. (1990) assumptions for these factors, we estimate that for our long-wavelength light, which has an effective wavelength of 620 nm for the L cones, 1 td equals about 20 isomerizations/L-cone/sec. This is reduced by 0.2 log units due to the Stiles Crawford effect to give 12.6 isomerizations/L-cone/sec. The estimate is particularly sensitive to the assumed diameter of the inner segment and the axial length of the cone, both of which vary across the retina and neither of which is known with certainty. Depending upon the assumptions used, a variation by a factor of 4 would not be surprising. tTo simulate mixed cone a-waves, the value of log S for the L cones was set to 0.85 log units greater than for the M cones (see note p. 5). The relative amplitude of the maximum contribution of the L and M cones was set equal to the ratio of L to M cones being simulated. That is, (RmLcone / RmMcone) was set to (ratio L/M). Using eq 3, the program generated the leading edge of the a-wave response for each cone type, summed them together for each flash energy, and then fitted them the same way the real a-waves were fitted (see Methods).
L-cone dominated response in color normals: evidence Jor more L than M cones
The values of log S for the cone a-waves from the color normals are, on average, 0.11 lower than the values for the deuteranopes, indicating that these normal a-waves are dominated by the L cones. There are two possible reasons to expect this dominance. First, the red flashes favor the L cones. The red flash is 0.85 log unit more effective for the L cone as compared to the M cone (see footnote on p. 5). Second, the relative number of L and M cones will affect the dominance. To examine the effect of the relative number of cones we computer simulated a cone a-wave using eq. 3 and different assumptions about the relative number of L and M cones.t Figure 6 shows the results of these simulations. The smooth curve is AlogS, the difference between the log S value expected from a retina with only L cones, like the deuteranope's retina, and the log S value of the mixed retina. As the ratio of L to M cones goes from 0.01 to 100, Alog S goes from -0.85 (M-cone value) to 0.0 (L-cone value). For an even number of L and M cones (a ratio of 1.0), the simulations predict a Alog S of -0.34. The value we observe between normals and deuteranopes, -0.11 (2.9 log td field) and -0.17 (3.9 log td field), is in the direction of considerably more L than M cones contributing to the normal cone a-wave.
What is the ratio of L:M cones in the human retina? Because of the similarities of both the morphology and the opsins of the L and M cones there is currently no anatomical answer to this question. The evidence from microspectrophotometry suggests about equal numbers for monkeys (Bowmaker, Astell, Hunt & Mollon, 1991) . On the other hand, psychophysical data are best described with a ratio of L:M > 1 (e.g. Smith & Pokorny, 1975 : Cicerone & Nerger, 1989 : Wesner, Pokorny, Shevell & Smith, 1991 : Nerger & Cicerone, 1992 Abramov & Gordon, 1994) . Our a-wave data are also consistent with more L than M cones. Assuming that each L cone contributes as much to the a-wave as each M cone, we can take the difference between the log S values for the color normals and the deuteranopes as an estimate ofAlog S in Fig. 6 . The large symbol is the Alog Svalue observed for the 2.9 log td field. The vertical lines show the range of values for _+ 2 SEM. We reject the hypothesis that there are an equal number of L and M cones contributing to the human a-wave and conclude that there are more L than M cones. [A similar conclusion is reached for the 3.9 log td data, but is less reliable as this field adapts the L-cones somewhat more than it does the M-cones.]
Adaptation of cone phototransduction
Steady lights have relatively little effect on the amplification of cone transduction. Increasing the adapting field by 1 log unit, from 2.9 to 3.9 log td, increases the value of log S by < 0.2 log unit for both the color normals and the deuteranopes, suggesting a decrease in amplification of the activation phase of transduction of <0.2 log unit. Over this same range of adapting field intensities, psychophysical thresholds increase by 1.0 log unit (see Hood & Finkelstein, 1986 for a review). Hood and Birch (1993a) found that steady fields had relatively little effect on the leading edge of the a-wave compared to the large changes seen behaviorally. The data in the present study confirms this conclusion and extends it to dichromats. In our earlier study, we measured the sum of the changes in log S and log RmP3 (effectively the change in the log threshold intensity for a small criterion response) and found that this sum was changed by only 0.08 in going from the effectively dark-adapted state to the 2.9 log td field. Increasing the field from 2.9 to 3.9 log td, as in the present study, increased this value by about 0.3 log unit. This latter value agrees well with the values of 0,27 and 0.20 log units for the color normals and deuteranopes (see Table 1 ). Thus, in agreement with our earlier conclusion, either there is very little sensitivity adjustment at the cone receptor (cf. Schnapf et al., 1990) or the sensitivity changes involve the deactivation stage of transduction and do not affect the leading edge of the response (e.g. Sneyd & Tranchina, 1989 ).
The cone model and retinal disease
The data from five patients were included in this study for two reasons. First, we wanted to test the fit of the model in retinas with diminished rod activity. Although all five patients had rod a-wave amplitudes that were reduced more than the cone a-wave, the two patients with the leu46arg are particularly interesting. These patients had no sign of rod activity and the cone ERGs fitted were obtained in the dark adapted eye. As can be seen in Fig. 4 , the model fits the a-waves well; in fact, it fits to almost 20 msec after the flash as compared to about 11 msec in normal subjects.
The second, and more important, reason for including the patients was to assess the feasibility of studying cone receptor function in patients with retinal disease. The a-waves of all five patients were fitted by only varying S and Rmp3. Thus, the technique should prove useful in studying the disease process. Interestingly, it appears that cone transduction is affected in patients with mutations of the rhodopsin molecule. The values of log S for all five patients were well outside the normal range and were 2-5 times smaller than the mean of the normals. A common explanation for the abnormalities of the cone ERG seen in patients with RP is a decrease in quantal absorption secondary to a shortening of cone outer segments (e.g. Berson, 1993; Gouras & MacKay, 1989; Sandberg, Sullivan & Berson, 1981) . However, simply shortening an otherwise homogeneous outer segment should not lead to a change in the value of the amplification constant A, or in S (Breton et al., 1994; Hood & Birch, 1994) . The more likely source of the depressed values of S are the other conformational changes in the cones that have been observed in anatomical studies of postmortem retinas (e.g. Kolb & Gouras, 1974; Szamier, Berson, Klein & Meyers, 1979; Burt-Milan, Kalinia & Pagan, 1983) .
Our results also suggest that there are disease related changes in the inner retina. While the argument for the changes in cone phototransduction is clear, the argument for post-receptoral changes is more subtle. The argument depends upon the observation that a simple decrease in the sensitivity of the receptor cannot explain the large changes in the ERG (see Fig. 4) . If the only effect of the disease process was to decrease the value of S, then the patients' waveforms should resemble the normal response to a weaker light; they do not. Although others have suggested both receptoral and post-receptoral components to the effects of RP (e.g. Greenstein & Hood, 1992; Cideciyan & Jacobson, 1993; Falsini, Iarossi, Porciatti, Merendino, Fadda, Cermola & Buzzonetti, 1994 ), it has not been possible to assess their relative effects. However, the success of the cone receptor model here opens the possibility of a computational model of the cone ERG along the lines of the computational model of the rod ERG (Hood & Birch, 1992) .
